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Abstract 
A pyrochemical process is developed to upgrade the safety of plutonium spent salts interim storage. The feed material, 
consisting of alkali or alkali-earth chlorides containing various Pu and Am species, is first oxidized to convert the actinides 
into oxides. Then the chlorides are removed by vacuum distillation which requires temperature from 750°C to 1100°C. After a 
comprehensive R&D program, full-scale equipment was built to test the distillation of active salts. Tests with NaCl/KCl 
oxidized spent salt give decontamination factor of chlorides higher than 20000. The distilled salt meets the radiologic 
requirements to be discarded as low level waste.  
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1. Introduction 
The preparation of metallic plutonium has generated spent salts which are disposed in nuclear vaults. Most of 
these salts consists of chlorides - equimolar NaCl/KCl mixture and mixtures with CaCl2 - containing various 
plutonium and americium species: chlorides, oxychlorides, oxides and metal. The long–term interim storage of 
these materials could be an issue because they may contain reactive metals such as plutonium or alkali, and also, 
because the hygroscopic character of chlorides can enhance radiolysis and hydrolysis. Inspired from Los Alamos 
National Laboratory previous work [1], the development of a pyrochemical treatment was initiated at the end of 
the 90’s to upgrade the safety of these products and to reduce the volume of plutonium materials to be stored on 
site. The treatment converts first the actinides into oxides through a pyro-oxidation process in molten salt using 
sodium carbonate and chlorine gas [2, 3, 4]. As actinides oxides are not soluble in the molten chlorides melt, a 
biphasic product is obtained: a top clean salt consisting of chloride salt that can be discarded as Low Level Waste 
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and a bottom precipitate that contains almost the totality of the actinides as oxides particles spread into a chloride 
salt matrix. Excess carbonate and technological residues such as ceramic fragments may be found in this 
precipitate too. More than 60 wt% of the precipitate consists of alkali or alkali earth chlorides, so an additional 
separation process is required [2]. Based on the difference of vapor pressures between oxides and chlorides, 
vacuum distillation is convenient for such removal of chlorides. Moreover, this process does not generate 
subsequent waste such as liquid effluent. 
 
In this paper, the main stages and results of the vacuum distillation process development program are 
presented including inactive studies for pure alkali and alkali earth chloride salts distillation, feed material 
composition influence and full-scale active tests on NaCl/KCl-based spent salts.   
2. Distillation process principle and experimental 
The thermodynamic feasibility of the separation by vaporization can be assessed by vapor pressures of pure 
elements that might be found in the feed material.  
 
Fig. 1 presents the vapor pressure of NaCl, KCl, CaCl2, PuCl3, PuO2 obtained from literature [5, 6]. At 
reasonable temperatures (< 1200°C), such separation requires reduced pressure and a previous conversion of 
PuCl3 into PuO2. Pu metal is not convenient for the process because of the following reaction (1) that may occur 
under reduced pressure: 
 Pu + 3 NaCl  PuCl3 + 3 Na  (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 : Vapor pressure of pure elements and phase domains of chlorides 
The maximum rate of evaporation can be approached by the relation of Langmuir-Knudsen deduced from the 
kinetic theory of gases [7]: 
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where G is the surfacic rate of evaporation in kg/m²/s, P is the vapor pressure in Pa, M is the molecular weigh in 
kg/mol, R = 8.314 J/mol/K and T is the absolute temperature in K.    
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On this theoretical basis, according to thermochemical data on vapor pressures, temperatures higher than 
750°C for monochlorides salt mixture NaCl/KCl and higher than 1100°C for divalent CaCl2 based salts, are 
required to produce a significant flow of vaporization (> 1g/cm²/h). 
 
The distillation process goal is to perform chlorides vaporization and to recover the distillate in a single batch 
without operator intervention. The technological challenge was to design equipment suitable for plutonium 
handling which forbids the use of water as cooling agent for criticality safety reasons. The operating route 
involves two sequences: 
x First, the salt is heated under vacuum (residual pressure of Ar < 10 Pa) up to 900°C for NaCl/KCl and up to 
1200°C for CaCl2 based salts to vaporize the chlorides. The vapors condense at a predefined condensation 
zone imposed by temperature and pressure distribution. Both vaporization and condensation zones are 
controlled by temperature measurements. 
x Then, the condensate is melted under argon atmosphere in order to recover the clean salt as a block. 
2.1.  Vacuum distillation of NaCl/KCl  
The priority was given to the study of NaCl/KCl mixture in order to understand salt vaporization and 
condensation and then to assess the influence of the feed composition using lanthanide oxides as surrogates:  
CeO2 for PuO2 and Pr6O11 for AmO2. The distillation tests were performed at kilogram-scale in the distillation 
apparatus (distillator A) presented in Fig.2. This equipment was designed for both process feasibility 
demonstration and technological development. The apparatus consist of a vertical reactor with two electric 
heaters. The vaporization chamber is at the top, the condensation zone is in the middle at the reactor flanges and 
the distillate collection crucible is at the bottom. The temperature of both vaporization and condensations zones 
can be settled independently up to 850°C with a range of pressure between 10-3 Pa and 105 Pa.  
 
The feed mixtures were composed of commercial high-grade chemical reagents NaCl, KCl, CeO2, Pr6O11 
Na2CO3. The chlorides were previously dried at 150°C under vacuum. The distillation results are obtained by 
weight. The chemical compositions were obtained by the analysis of the solutions obtained by the dissolution of 
the whole distillation products with water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 : Distillation equipment A 
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2.2. Vacuum distillation of CaCl2 salts and plutonium salts 
Pilot equipment was designed and built for full-scale distillation of NaCl/KCl and CaCl2 plutonium salts using 
inactive tests results and experience obtained from distillation apparatus A. The design of this second equipment 
(distillator B), solves technical challenges resulting from temperature and pressure requirements and from the 
nuclear environment in glove box such as: 
x Homogeneity of temperature distribution within the vaporization zone to avoid undesirable condensation 
spots,  
x Thermo-mechanical stresses management due to pressure and temperature cycles, 
x Corrosion and material compatibility, 
x Thermal design of glove-box to be less than 40°C in handling zones without water cooling inside, 
x Criticality safety and radiation exposure, 
x Inspection and maintenance of every components. 
 
As shown on Fig. 3, distillator B is based on semi-horizontal reactor geometry with a vaporization chamber 
heated up to 1200°C and a condensation zone heated up to 850°C.  
 
 
 
 
 
 
 
 
 
 
Fig. 3 : Distillation apparatus B; a) Outline, b) Photography 
Distillator B qualification was first carried out with pure CaCl2, NaCl and KCl commercial reagents. When the 
safety authorization was obtained, tests were carried out with active NaCl/KCl based spent salts available at 
CEA-Valduc.  
 
These spent salts were previously oxidized by pyro-oxidation with sodium carbonate followed by chlorine gas 
sparging. The overall reactions of carbonate oxidation [2] are: 
2 Pu +  Na2CO3 o  Pu2O3 + 2 Na +  C  (2) 
2 PuCl3 +  3 Na2CO3 o 2 PuO2 + 6 NaCl +  CO + 2 CO2 (3) 
2 PuOCl + Na2CO3  o 2 PuO2 + 2 NaCl + CO  (4) 
Chlorine sparging is dedicated to excess carbonate destruction, alkali metal and alkali oxide conversion into 
alkali chloride and complete conversion of plutonium oxide species into PuO2. Sparging is stopped when chlorine 
gas is detected in the off-gas, so complete elimination of carbonate cannot be guaranteed. 
 
Plutonium and americium contents were determined by gamma spectrometry and calorimetry non destructive 
assays. Cations and anions were analyzed respectively by ICP-OES and ionic chromatography after dissolution 
of samples. 
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3. Results and discussion 
3.1. Distillation of NaCl/KCl and CaCl2 based salts 
The monitoring of temperatures and power supply for the distillation of 1 kg of NaCl/KCl compared with a 
blank operation without salt are reported in Fig.4. The distillation is well defined by the change of temperature in 
the feed crucible (temperature decrease compared to the blank) and at the condensation zones (temperature 
increase). The monitoring of the electric power supplied to the vaporization chamber provides a good 
vaporization control too. These measurements were used to determine the actual duration of the distillation event 
and then to deduce the rate of distillation. Fig. 5a) shows the influence of the temperature imposed to the 
vaporization chamber on the distillation rate for NaCl/KCl at constant residual pressure imposed by the vacuum 
system. Fig.5b) shows the influence of the residual pressure imposed by the vacuum system on vacuum 
distillation at 800°C. The distillation rate increases as the temperature increases. At 800°C, the distillation rate 
appears to be independent of the residual pressure imposed by vacuum system as long as this pressure is lower 
than the vapor pressure of NaCl and KCl (about 50 Pa).  These results are consistent with those reported on 
LiCl/KCl eutectic mixture [8, 9]. 
 
Significant flows of distillation were obtained with both distillation apparatus (table 1). Nevertheless, the 
apparent distillation rates are less than predicted by Langmuir-Knudsen expression (1). For distillator B, the ratio 
Į of measured to theoretical rates is between 6 and 8 % for both KCl and CaCl2. For NaCl/KCl mixture, this ratio 
is about 5 % and is in the same order of magnitude for both apparatus. Parameters such as heat transfer, back-
diffusion and interfacial phenomena, which are not taken into account by the Langmuir-Knudsen expression (1) 
could partially explain this ratio. In addition, the actual distillation rate results from the evaporation rate at liquid-
vapor (or solid-vapor) interface and from vapor transfer rate away from the surface vapor which depends on 
pressure gradient between evaporation and condensation surfaces. Basically, distillation rate is limited either by 
temperature in the vaporization chamber or by residual pressure, imposed downstream by vacuum pump, 
depending on these parameters values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 : Monitoring of temperature at vaporization and condensation zones and power supply  
during distillation of NaCl/KCl equimolar mixture 
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DISTILLATION OF NaCl/KCl EUTECTIC MIXTURE
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Fig. 5: Influence of temperature (a) and residual pressure imposed by vacuum system (b) obtained on distillator A 
Table 1: Apparent distillation rates 
Salt Distillation 
equipment 
Vessel 
pressure (Pa) 
Temperature  
(°C) 
Distillation rate 
(g/cm²/h) 
Distillation rate 
(g/h) 
NaCl/KCl A 1 800 1.8 800 
NaCl/KCl A 1 850 3.2 1350 
NaCl/KCl B 1 800 – 855 3.8 1150 
KCl B 1 800 – 855 3.6 1090 
CaCl2 B 0.1 1000 – 1100 1.5 460 
CaCl2/NaCl B 0.1 800 – 1100 3 880 
3.2. Influence of the feed material composition 
 As sodium carbonate is used for spent salt oxidation before the distillation step, unconsumed carbonate may 
remain in the oxide precipitate. According to thermochemical data of pure compounds, thermal dissociation of 
sodium carbonate (reaction (5)) leading to CO2 release is not significant [10]: the Gibbs energy, ¨G0, of reaction 
(5), ¨G0 = 161.46 kJ/mol, is positive and the calculated partial pressure of CO2 at equilibrium, PCO2 = 3.2 10-3 Pa, 
is low compared to vacuum pressure of distillation.  
Na2CO3 o Na2O + CO2,   (5) 
The behavior of carbonate during vacuum distillation has been studied in NaCl/KCl media containing various 
concentrations of lanthanide oxides at 800 and 850°C. After complete distillation of chlorides, the apparent 
dissociation ratio of carbonate was determined by analysis of carbonate ions concentration in the water recovered 
from un-distilled residue washing. The apparent carbonate dissociation ratio as function of lanthanide content in 
the feed is presented in Fig. 6. In absence of lanthanide oxides, the apparent dissociation ratio is very low and 
almost totality of initial sodium carbonate is recovered. The dissociation ratio increases as the concentration of 
lanthanide oxides in the feed increases. For some tests with lanthanide oxides and sodium carbonate, pressure 
increases were detected by the vacuum monitoring system. These pressure variations reveal incondensable gas 
releases. Foaming traces associated with oxide particles dispersion were observed in the vaporization chamber 
too. These results and observations can be explained by reactions between lanthanide oxides and sodium 
carbonate consisting of alkali-lanthanide oxide formation. The same kinds of reactions are expected to occur in 
a) b)
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the case of plutonium salt. Indeed, sodium plutonate (IV) was suspected by X-Ray Diffraction of carbonate 
precipitate [2].  
For plutonium (IV) the reaction could be: 
2 Na2CO3 + PuO2  o Na4PuO4 + 2 CO2 (6)  
 
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Fig. 6 : Apparent dissociation ratio of carbonate during NaCl/KCl distillation as function of lanthanide oxide content (molar fraction),  
mass of distilled NaCl/KCl = 1 Kg 
3.3. Distillation of NaCl/KCl plutonium spent salt 
Distillation tests of oxidized NaCl/KCl based spent salt were carried out at 900°C and 1 Pa in distillator B. 
The mass of the products expressed as fraction of the initial feed mass (mass of product/initial mass of feed) is 
given by table 2, where “Pu residue” is the material which remains in the feed crucible after distillation and 
“sweep” is the material which is dispersed and recovered in the vaporization chamber. Plutonium concentrations 
(in wt %) in the feed and in the products are reported on table 3.  
 
The mass balance determined by the weight of each product (table 2) shows a mass loss less than 10 % except 
for the first test where the loss is about 33 %. For all tests the plutonium balance is consistent with non 
destructive assays uncertainties (+/- 6% for Pu residue, +/- 20 % for sweep). The mass loss may result from 
chloride retention in the equipment and from residual carbonate dissociation. Chlorides retention is usually less 
than 5% (1 % for blank run n°4) and consists of undesirable condensation spots. Most of these spots can be 
recovered manually or by the subsequent operations. Run n°1 shows a poor mass balance and a relatively 
important quantity of sweeps resulting from foaming and material dispersion in the vaporization chamber. During 
this test, temporary pressure increases were observed in the vicinity the vacuum pump and so the residual 
pressure of 1 Pa was difficult to maintain at the beginning of the distillation step. Releases of non condensable 
gas such as CO2 can explain these pressure variations and suggest that sodium carbonate excess remained in the 
feed.  
 
As shown by table 3, distillation is a very efficient process for chloride decontamination. Except for one test 
(run n°3), the decontamination factor of chlorides is higher than 20000 and the residual Pu concentration is below 
the detection limit of gamma spectrometry non destructive assay (< 10 ppm). So the distilled salt meets the 
radiological criterion for Low level Waste discard. The Pu residue contains 60 to 92% PuO2 with ceramic and 
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other technological residues from previous operations. The residual chlorides concentration is less than 0.15 
wt%. This material may contain Na2CO3 and Na2O eventually combined with PuO2. This hypothesis, which 
needs to be confirmed, could explain the lower concentration of PuO2 in the residue of run n°1.  Results are not 
totally available for americium but the same trends are observed. Am concentration is around 1 wt % in the feed 
material and is below the detection limit in the distilled salt. 
 
However, run n°3 seems to be less effective because the plutonium concentration in the distillate is much 
higher. A blank test (run n°4), consisting of distillation of pure NaCl/KCl, was carried out after run n°3. The 
concentration of the blank test distilled salt is below the detection limit which suggests that presence of 
plutonium in the distillate of run n°3 does not result from plutonium oxide particles transfer. The presence of 
traces of volatile plutonium specie in the feed, such as PuCl3, could explain this result.  
 
Table 2: Mass balance for distillation of NaCl/KCl-based oxidized spent salts (mass of product/mass of feed) 
Residue Sweep Distillate Balance Observation
Run % % % % 
1 26.69 7.85 32.52 67.07 Feed dispersion due to foaming 
2 44.86 0.61 46.41 91.87  
3 18.38 2.84 74.09 95.32  
4 0.00 0.00 99 99 Blank
5 16.19 2.71 74.42 93.32  
 
Table 3: Concentration of plutonium for distillation of NaCl/KCl based spent salts 
 Feed Pu residue Sweep Distillate Decontamination  
Run Pu (wt%) Pu (wt %)  PuO2 (wt%)1 Cl-(wt %) Pu (wt %)  Pu (ppm) factor of chlorides2 
1 19.26 58.87 66.90 0.13 29.86 < 8 > 2.5E+04 
2 22.98 54.23 61.63 0.03 88.05 <10 > 2 E+04 
3 15.38 80.57 91.56 0.02 7.53 453 3.4E+02 
4 0.00 0.00 0.00 - - < 6 - 
5 12.68 78.52 89.23 - 7.89 <5 > 2.5E+04 
1 calculated, all plutonium in the residue is considered as PuO2. 2 Decontamination factor is the ratio between wt% Pu in feed salt before 
distillation and wt% Pu in chloride distillate. 
4. Conclusion 
The plutonium spent salt treatment development program was initiated fifteen years ago by CEA-Valduc for 
safety purposes. The first unit operation of this treatment, consisting of pyro-oxidation in molten salts, was 
rapidly demonstrated because this process was in the scope of CEA-Valduc experience for plutonium processing. 
Vacuum distillation development has been longer and is still in progress as a large variety of technical challenges 
have to be solved. Firstly, a good understanding of salt distillation phenomenon was necessary to design the 
equipment, and secondly the study of the feed material composition was useful to anticipate some issues relating 
to spent salts distillation. These studies led to the construction of a full-scale distillation equipment suitable for 
plutonium salts vacuum distillation up to 1200°C.  The main milestones were the demonstration of distillation 
rates of several hundreds grams per hour for eutectic NaCl/KCl and  CaCl2 mixtures, the safety authorization to 
operate with plutonium salts, and finally, first tests with spent salts from Valduc vaults. These tests demonstrate 
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the feasibility of the complete treatment for NaCl/KCl based spent salts. Especially, the alkali chlorides waste 
produced by this process meets the radiological requirements to be discarded as Low Level Waste. Plutonium 
retention into the equipment appears to be very low and no build-up is evidenced.  However, this key-parameter 
for safety has to be recorded carefully and a definitive conclusion requires a more important feedback. Future 
works will focus on the qualification of vacuum distillation for the whole composition domain of plutonium spent 
salts and on plutonium oxide residue characterization. 
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